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In this report, we present a thermodynamic and kinetic study of the selective dissolution of calcite from low-grade phosphate ores
(Epirus area, Greece) by dilute acetic acid at isothermal conditions. A twin calorimeter with two identical membrane vessels, for the
acid dissolution process, and for the reference was used. The curves of rate vs. time of the phosphorite dissolution for various tem-
peratures show that the maximum (g, ) was increased, whereas the time () to achieve the corresponding ¢, values was de-
creased, as the experimental temperature was increased. The dissolution enthalpy was increased from 13.1 to 16.7 kJ mol ™, as the
experimental temperature was increased from 10.0 to 28.0°C. The chemical analysis of the supernatant solutions shows that the
main process was the calcite dissolution. The reaction model with general form, In(1/(1-X))=k¢™, was found to fitted the experimen-
tal data regardless of the experimental temperature. These results were assigned in the presence of two different kinds of particles in
the phosphorite. The activation energy of the dissolution process was found 69.7 kI mol™'. The SEM micrographs of acid dissolution

samples showed two different textures after acid dissolution.
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Introduction

The phosphorite deposits in the Epirus area (Greece)
are sedimentary low-grade phosphate ores composed
of minerals of francolite (carbonate fluorapatite with
empirical formula

Cag 51Nag 35Mg00.14(PO4)4.74(CO3)1 26F250) and  cal-
cite. As a result of the intimate mixture of these two
minerals and hardness of ore, there is no feasible
physical or physicochemical method of producing
feed suitable for acidic phosphorite digestion or
leaching processes. A number of contributions on the
enrichment of the low-grade calcareous phosphate
ores by selective dissolution of calcite species using
weak organic acids have been presented [1-8]. The
kinetics of carbonate dissolution is very sensitive to
the surface structure, composition, and physical prop-
erties of crystals, and it is strongly dependent on the
pH value of the reaction solution.

The treatment of calcite dissolution kinetics was
based on Plummer, Wigley, and Parkhust (PWP)
model (Eq. (1)), derived by probable chemical reac-
tions occurring at the crystal surface [9, 10].

R=k,(H" )+k,o. (H,CO)+
k,o(H,0)—k, 0. (Ca* Yo (HCO; )

(M

where R means reaction rate, k; to k; are rate con-
stants, o, means the activities of reactants of the dis-
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solving mineral, and H,CO; denotes the sum of
H,CO; and dissolved CO,.

As it has been thoroughly described by
Compton ef al. [11, 12] calcite dissolution could be
discussed in terms of two main regimes: (a) at a low
pH-regime (<4), where the process of dissolution of
calcite is controlled by the surface heterogeneous
first-order reaction (2), and (b) at alkaline pH range,
where the dissolution process is more complicated,
and the reaction (3) should be considered as the im-
portant one.

CaCO,+H" —Ca’ +HCO, )
CaCO, —»Ca.. +CO; 3)

(aq)

Sjoberg and Rickard [13] studied the calcite dis-
solution by applying rotation disc electrode tech-
nique. Generally, calcite dissolution could be dis-
cussed in terms of three regimes. At low-pH regime
(<4.5) H' ions penetrate the diffusion boundary layer,
and reach the calcite surface; accordingly, the rate of
calcite dissolution depends on the square root of the
surface concentration of [H']. At pH-values >5.5, the
dissolution rate of calcite is independent of [H']. In
the latter case the mechanism involves transport of
the produced calcium and carbonate ions out to diffu-
sion boundary layer interface, where rapid proton-
ation reactions occur. For pH values between 4.0 and
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5.5 there is a transition regime. Al-Khaldi et al. [14]
studied the dissolution of the calcite with citric acid
by rotating disk apparatus. They found that the reac-
tion mechanism of citric acid and calcite is mass-
transfer and the reaction rate limited by the precipita-
tion of calcium citrate on the surface.

Economou et al. [15] found that the dissolution of
CaCO; by dilute phosphoric acid is based on the adsorp-
tion of phosphoric acid on the CaCOj; surface. Recently,
two review papers were published on the dissolution ki-
netics of sedimentary carbonate minerals [16, 17].

In a previous paper [3] we reported the most ef-
fective conditions of the selective dissolution of cal-
cite from low-grade phosphate ores originated from
Epirus—Greece area, using dilute acetic acid. In more
recent studies [5, 6] we reported the detailed mecha-
nism of the process in the pH range from 2.37 to 6.40
by recording the pH changes of the reaction medium
vs. time. The selective dissolution of calcite from
low-grade phosphate ores by acids is based on the rel-
atively higher rate of acid dissolution of CaCOs, than
that of calcium phosphate. The Greek phosphate ores
have a complicated structure, consisted from laminas
of pure calcite, phoshopelloid particles and calcite in
the spaces between phospho-pelloids particles. Dur-
ing the dissolution process the calcite species were
mainly dissolved, whereas almost all of the francolite
remained in the solid phase. The calcite dissolution
process took place in two steps. It starts along with
dissolution of the released calcite particles and/or
species on particles, and continues by the dissolution
of calcite in the interspaces between phospopelloid
particles. Hence, in the first approach [3, 4] we ap-
proximated the enrichment procedure of these phos-
phate ores for both described steps by the reaction
model with general form:

In—_=k™ or In[-In(1-X )J=Ink+mins  (4)

where X is the conversion fraction, ¢ is the time, kis a
rate constant, and value parameter m depends on the
reaction mechanism. The two above mentioned disso-
lution steps can be represented by the followed empir-
ical equations:

1% step: ~In(1-X)=0.0736t"*’ [3](5)
or ~In(1-X)=0.0766t"** [4] (52)
2" step: ~In(1-X)=0.566t"'% [3](6)

In order to understand the exact significance of
m variations, is necessary to know the changes in the
degree of interaction of the acid solution and the in-
fluence of the respective acid anion [3, 18].
Equation (4) is widely used as a probe for preliminary
identification of the rate law. Magnitudes of m have
been empirically developed according to the circum-
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stances. For diffusion-limited equations the values of
m usually vary between 0.53 and 0.58 for the con-
tracting area and volume relations were found 1.08
and 1.04. Usually, for nucleation equations m takes
values 2.00 and 3.00 [3, 19].

We have previously applied [5, 6, 17] a different
method of studying this heterogeneous reaction by
monitoring the change of the pH-value of the reaction
mixture vs. time. We suggested that the dissolution
process took place by the following reactions:

CH;COOH«>CH;COO +H" (7)
(CaCO;)s+H —>Ca’*+HCO; (2a)
HCO;+H <H,CO; (8)
H,CO3—(CO,)gastH2O )
(CaCO3)s+H,CO3;—Ca**+2HCO;, (10)

We concluded that the transformation of H,COj3
to COxgas), 1.€. Teaction (9) is more likely to be the
rate-controlling step in the range 2.37<pH<4.95. In
the pH-range from 3.96 to 6.40 mass transfer has a
significant contribution to the determining step of the
overall reaction.

The chemical processes, like dissolution pro-
cesses, are accompanied by heat effects. Calorimetry
represents a unique method to gather thermodynamics
and kinetics results. The rate (¢, ) during a chemical
reaction is proportional to the rate of conversion (7)
and can be expressed in terms of the following
mathematical expression [20, 21]:

G react ()~1 (),
where V; the reraction volume.
The task of the calorimeter is to determine the to-
tal heat flow rate (¢, ) during a transformation. Gen-
erally, any kind of physical process in which heat is
released or absorbed is measured. Therefore, the total
can be expressed [21]:

(11

q-tot :q.react +qmin +qphase (12’)
where ¢, the heat flow rate occurring due to mixing
and ¢ .. due to the phase changes.

The integration of the total (Q.) gives the heat
balance equation:

t=t;

Qtot = J‘q.tot dt:
t=0

= Z(_A rHi )ni +Qmix +Qphase +Qerror

i=1.Ng

(13)

where t; is the integration limit in time, A.H the reac-
tion enthalpy, n; the number of moles of the ith reac-
tion component, Opix the heat of mixing, Ophase the
heat released or absorbed by phase change process,
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and Qeror the sum of all measurement errors. For a
twin vessel calorimeter, by using proper blanc pro-
cess in the reference vessel, the Onmix, Ophase and Derror
are assumed to be negligible, meaning that:

Qtot :Qrcact :Q or qtot :q-rcact :q (14)

Once the reaction enthalpy is determined, it is

possible to calculate the thermal conversion or frac-
tional heat evolution of the reaction:

[a.a
X permat (1)=2— 15
(1) 0 (15)

This ratio of partial and total evolved heat can be
used as a measure of reaction extent [20-23]. The rate
of the reaction (7) can expressed then as follows:

q; (1)

rA (t):V A H :_kCX,O (I_Xthermal ([))" (1 6)

T T

where Cy, is the initial concentration of component 4
and n the reaction order.

In this work we studied the reaction mechanism
of the selective dissolution of calcite from low-grade
phosphate ores (Epirus area, Greece) by dilute acetic
acid, based on an alternative dissolution methodology
using a calorimeter.

Experimental
Materials

The chemical analysis of Greek phosphate ore was
carried out using an EDXRF Spectro XEPOS appara-
tus (Spectro Analytical Instruments, GmbH Ger-
many). The composition of phosphate ore was CaO
53.584£0.06, P,0Os 11.914£0.01, SiO, 1.54+0.01,
SO; 0.87+0.01, Na,O 0.83+0.07, MgO 0.42+0.02,
Al,05 0.2840.01, Fe,O; 0.20£0.01, SrO 0.1540.01;
the loss of ignition was estimated as 35.81%. Acetic
acid solution (1 M) was prepared by dissolving gla-
cial acetic acid (100 mass%- Ferak Laborat GmbH
Berlin) with distilled water.

Methods

By crushing the material in a jaw crusher [3] we
yielded sieved fractions of 500-250 um of the natural
phosphate ore (phosphorite). The dissolution process
was carried out in a heat flow twin calorimeter
(Type C.80.1I, Setaram, France) using two identical
membrane vessels, for the acid dissolution process,
and for the reference. Phosphorite samples of 50 mg
were put into the lower compartment of each vessel
and closed by thin circular membrane of parafilm. A
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volume of 2 mL of acetic acid solution (1 M) and
2 mL of distilled water were added into the upper
compartment of the sample and reference vessels, re-
spectively. After complete stabilization of the base-
line, the membranes of both sample and reference
vessels were broken simultaneously by movable rods.

The enthalpy of the dissolution was determined
from calorimetric experiments performed at 10.0, 14.3,
20.3, 24.6 and 28.0°C. The recorder calorimetric run
were converted to ASCII files and transferred into Excel
for numerical elaboration. At isothermal conditions,
heat flux calorimeter output is heat flow rate vs. time
(g[mW7]), and hence these data could be treated thermo-
dynamically as well as kinetically. The rate is propor-
tional to the rate of reaction, to the enthalpy change of
the process, and to the amount of the reacting material.
The total heat evolved during the course of a reaction
(Q) is equal to the total number of moles of reacted ma-
terial (4p) multiplied by the change in molar enthalpy
(AH) of the reaction. Similarly, the heat evolved at time ¢
(g) is equal to the number of moles of reacted material
(x), up to time ¢ multiplied by the change in molar
enthalpy for that reaction.

Hence, the conversion fraction (X)) is equal to
the heat evolved at time ¢ divided by the total heat
evolved during the course of a reaction.

The dissolution reaction has been also carried
out in the batch mode. In a beaker placed into a ther-
mostat bath, we added 3 g of phosphorite and 120 mL
of acetic acid solution (1 M). After appropriate disso-
lution time, the remained solids were separated from
supernatant solution by vacuum filtration, using
membrane filters (Millipore, 0.22 um). The concen-
tration of phosphate ions in solution was determined
by colorimetric method [24]. The solids were washed
by distillated water and acetone.

FTIR was performed using a
Bruker EQUINOX 55/8S spectrophotometer. The KBr
disk technique was employed and the infrared spectra
were recorded in the region 4000-400 cm™', with res-
olution of 4.00 cm™".

The textural analysis of the particles before and
after dissolution, were examined by scanning electron
microscopy (SEM) using a Jeol JSM-6300 instrument.

Results and discussion

The calorimetric data are depicted in Fig. 1, and the re-
sults from the treatment of the corresponding curves are
shown in Table 1. The curves of heat flow rate vs. time
of the phosphorite dissolution for various temperatures
show that the maximum rate (g, ) was increased,
whereas the time (#,..) to achieve the corresponding
d... values was decreased, as the initial temperature
was increased. The SETSOFT package has been used
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Table 1 Analysis of rate curves

Temperature/°C G/ MW tmax/S ong!
10.0 3.9 465 -75.9
14.3 4.2 345 -81.4
20.3 5.0 265 -86.2
24.6 5.1 260 -95.4
28.0 5.6 240 -96.6

Heat flow rate/mW

0 500 1000 1500 2000 2500 3000 3500

Time/s

Fig. 1 Heat flow rate curves for the dissolution of phosphorite
at various temperatures. The temperatures are indicated

for integration of the curves of heat flow rate vs. time,
which provided the heat (Q, J g™ of the initial mass of
phosphorite) released during the complete of the disso-
lution process. The dissolution of the calcite species of
phosphorite ore by dilute acetic acid is an exothermic ef-
fect. The absolute values of O were increased from 75.9
t0 96.6 kJ g, as the experimental temperature was in-
creased from 10.0 to 28.0°C.

The dissolution kinetic curves [X=f{(¢)] are illus-
trated in Fig. 2. The curve at temperature 10°C shows
a sigmoid shape with end point at about 60 min. The
curve at temperature 14.3°C shows more sharp initial

1.0

0.8

0.6

0.4

0.2

0.0 T T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Time/s

Fig. 2 Kinetics curves [X=f{¢)] for dissolution of phosphorite
at various temperatures
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Fig. 3 The batch dissolution experiment. Mass loss and P,0s
dissolution vs. dissolution time

stage of dissolution, that is a larger dissolution rate,
with end point about 50 min. The other three curves
have shape similar to the curve at 14.3°C, but the end
points are at about 42 min.

The results of the batch dissolution experiment
are depicted in the Fig. 3. A rapid increase of the mass
loss of solid phase up to 33.61% is observed at the
first 4.5 min. In the same time the amount of dissolved
phosphates was only 2.41% of the total P,Os. Taking
into account the above results and the empirical for-
mula of apatite we calculated that the 1.90% of mass
loss was attributed to the apatite dissolution and the
other 31.71% was attributed to the calcite dissolution
mainly. The less rapid dissolution rate observed be-
tween dissolution time of 4.5 and 20 min. At dissolu-
tion time of 20 min the mass loss was 48.77% and the
dissolved amount of phosphates was only 2.97%. The
calculated amounts of dissolved apatite and calcite
were 2.24 and 46.43%, respectively. At dissolution
time of 60 min the mass loss was increased slightly up
to 50.44%, while the dissolved phosphates were de-
creased to 2.53%. The slight decrease of the P,Os in
the supernatant solution is attributed to the adsorption
of phosphate anions onto solid surface.

Figure 4 shows the infrared (IR) absorption spectra
of solid samples un-treated and treated by acetic acid so-
lution. The spectra of the un-treated solids (Fig. 4 disso-
lution time=0.00) show absorption bands of the corre-
sponding absorption range of apatite and calcite. The
broad band at 3100-3500 cm ™' corresponds to adsorbed
water. Two sharp and weak peaks at 2517 and
1796 cm™', a broad peak at about 1435 cm ™ and two
sharp peaks at 874 and 713 cm™" are attributed to calcite
adsorptions. As the dissolution time increases, the peaks
at 2517, 1796 and 713 cm ' gradually disappear, the
sharp peak at 874 cm ™' decreases and shifts to 866 cm ™,
while the broad band at about 1435 cm ™' decreases and
splits in two peaks at 1457 and 1428 cm . The peaks at
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Fig. 4 FTIR spectra of remained solids after dissolution pro-
cess. The dissolution time is indicated

866, 1457 and 1428 cm’', as well as at 1647, 1094,
1042, 966, 605, 568 and 470 cm' are attributed to
francolite adsorptions.

The IR results are in accordance with the results
of previous paragraph (mass loss and phosphate
chemical analysis) and indicate that the dissolution
process of phosphorite by acetic acid solution takes
place mainly by calcite dissolution species.

In all cases, the pH values of the initial acetic
acid solution, as well as these of the final one, were
measured after the finish of dissolution process and
mean values of 2.37 and 3.90, respectively, were
found. According to our previous paper [5], in that pH
region and at 25°C the transformation of H,CO; to
COxgas) (reaction (8)) is the rate-controlling step of
the overall reaction. Demir et al. [25] found that for
the leaching of magnesite ore by citric acid solutions
the process was controlled by a chemical reaction.

The fitting of reaction model In(1/(1-X))=ks",
for pseudo-homogeneous first order reaction model
for several temperatures is depicted in Fig. 5, where it
is clearly shown that the dissolution process took
place in two steps. The duration of the first step is
about 90 s (In90=-~4.5), whereas the second one oc-
curs in the time range from 90 to about 1800 s
(In1800=~7.5). The kinetic results for the second step
are summarized in Table 2. In all cases, Eq. (4) fitted
perfectly the experimental data (R* ranged between
0.9959 and 0.9993 with a mean value of 0.9984); the
parameter m varied in the range 1.37 to 1.55 with a
mean value of 1.46. These values of m lie outside of
the empirically established range for diffusion-lim-
ited mechanism (m=0.53—0.58) and they could rather
be considered as approaching the ranges for area or
volume contracting (m=1.04 and 1.08) and/or nucle-
ation (m=2.00-3.00) mechanisms [3, 18]. The esti-
mated values of rate constant (k) varied in the range
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Table 2 Results from the fitting of reaction model
In(1/(1-X))=ks"

Temperature/°C M k1057 R’
10.0 1.55 1.9 0.9959
14.3 1.51 4.5 0.9989
20.3 1.48 6.7 0.9991
24.6 1.37 11.5 0.9989
28.0 1.40 11.3 0.9993
Mean 1.46 7.2 0.9984
44

5 6 7 8
In(t/s)

Fig. 5 Analysis of reaction model In(1/(1-X))=kt™ of the rate
law for the heat evolved at time 7 (q)

(S
ad
IS

1.9:10°to 11.5-10° s '. However, in a previous paper
[3] we estimated much smaller values of m, whereas
the values of & were found much larger, depending on
the liquid/solid ratio, i.e. on the acid-carbonate
stoichiometry, by using two sets of experiments with
stoichiometry of 0.78 and 1.25. In that case, the val-
ues of m were estimated as 0.358 and 0.447, respec-
tively, whereas the corresponding values of k were es-
timated as 0.0973 and 0.0736 s ', respectively. In the
present paper, the stoichiometry was set at about 3.78,

—9.54

—10.04

Ink

—10.54

—11.04

330 335 340 345 350  3.55
1000/T/K

Fig. 6 Arrhenius plot determining the apparent activation energy
(E,), from the estimated values of the rate constant (k)

787



VAIMAKIS et al.

Fig. 7 SEM photographs of the a — raw phosphorite and
b, ¢ — after dissolution

and we assume that increasing the stoichiometry re-
sulted in increased m values, whereas the values of
the rate constant (k) are decreased.

An Arrhenius-like equation was found which re-
lates temperature and estimated rate constant k of the
dissolution reaction model In(1/(1-X))=k" (Fig. 6),
of which the E, was determined as 69.7 kJ mol™'. A
similar value of activation energy was found for the
leaching of calcareous phosphate rock by succinic
acid (64.92 kI mol™") [8], for the leaching of
magnesite by citric acid solutions (61.35 kJ mol ™)
[25], as well as for dissolution of calcite in concen-
trated aqueous sodium dichromate solution
(55-84 kJ mol ™) [26].

In Fig. 7 are depicted SEM micrographs of raw
phosphorite (a) and acid dissolution samples (b and
¢). On the surface of the raw sample we observed
small particles sized from ~0.5 to ~5 um. However,
the particles of the phosphorite showed two different
textures after acid dissolution; some of them are con-
stituted from relatively big particles with size be-
tween 2 and 10 um, whereas large halls have been
also formatted (Fig. 7b). Other particles appeared
with an apatitic crust surface showing botryoidally
and mammillary forms (Fig. 7¢). These two different
kinds of particles may explain the two steps of the
hemi-empirical reaction model In(1/(1-X))=ks".

Conclusions

The calorimetric data have been used successfully for
thermodynamic and kinetic studies of the phosphorite
dissolution by dilute acetic acid. The dissolution
enthalpy of (Q) were increased from 13.1 to
16.7 kJ mol™, as the experimental temperature was
increased from 10.0 to 28.0°C.
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The batch dissolution experiment point at the
main process was the calcite than apatite dissolution.

The reaction model with general form,
In(1/(1-X))=kt", was found to fitted the experimental
data regardless of the experimental temperature. The
estimated values of m and & of the reaction model
seem to depend on the acid-carbonate stoichiometry.

These reaction model fitting and the SEM micro-
photographs were assigned in the presence of two dif-
ferent kinds of particles in the phosphorite.

The activation energy (£,) of the dissolution
process was estimated as 69.7 kJ mol™' by using an
Arrhenius relation connecting the calculated dissolu-
tion rate constants (k) from the reaction model and
the temperature.
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